Organic solar cell technology bears the potential for high photovoltaic performance combined with truly low-cost, high-volume processing. Here we demonstrate organic tandem solar modules on flexible substrates fabricated by fully roll-to-roll compatible processing at temperatures <70 °C. By using ultrafast laser patterning we considerably reduce the "dead area" of the modules and achieve geometric fill factors beyond 90%. The modules reveal very low interconnection-resistance compared to the single tandem cells and exhibit a power conversion efficiency of up to 5.7%. Bending tests performed on the modules suggest high mechanical resilience for this type of devices. Our findings inform concrete steps towards high efficiency photovoltaic applications on curved, foldable and moving surfaces.
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Abstract
Organic solar cell technology bears the potential for high photovoltaic performance combined with truly low-cost, high-volume processing. Here we demonstrate organic tandem solar modules on flexible substrates fabricated by fully roll-to-roll compatible processing at temperatures <70 °C. By using ultrafast laser patterning we considerably reduce the "dead area" of the modules and achieve geometric fill factors beyond 90%. The modules reveal very low interconnection-resistance compared to the single tandem cells and exhibit a power conversion efficiency of up to 5.7%. Bending tests performed on the modules suggest high mechanical resilience for this type of devices. Our findings inform concrete steps towards high efficiency photovoltaic applications on curved, foldable and moving surfaces.
Broader Context
The pressing need for inexpensive carbon neutral energy sources requires innovative approaches. Organic photovoltaics offers unique opportunities since it uses carbon based semiconductors, which can be processed from solution and deposited on flexible plastic substrates using high throughput roll-to-roll technologies. This allows for envisioning lowcost, lightweight solar to energy conversion platforms that could find applications in, amongst others, apparel, smart labels, building and car integrated photovoltaics, and moving robots. While roll-to-roll coated organic solar cell modules have been demonstrated in the past, the efficiency of those devices have been rather low, typically not exceeding 2% power conversion efficiency. Here we fabricate and characterize a multicell series stack of organic photovoltaic cells (tandem solar cells) on plastic foil using fully roll-to-roll compatible coating techniques. The solar cells feature a wide spectral response across the solar spectrum. We adopt a concept based on ultra-fast laser patterning for dividing the tandem cells into tandem modules. This process enables both high geometrical fill factors and low electrical interconnection losses. As a result, we achieve an unprecedented power conversion efficiency of ~6% for this type of devices. Bending tests certify the potential of this type of solar cells for applications that require high mechanical resilience.
Introduction
The pace with which the efficiency of organic photovoltaic devices (OPVs) has been progressing within the last decade allows for envisioning a significant share of this technology in the future's energy mix, thereby alleviating the world's increasing energy demand in an environmentally responsible way. 1 2 3 Crucially, OPVs provide excellent form factors, good performance under indoor lighting conditions and potentially very low energy production costs using solution processable organic semiconductors. [4] [5] [6] [7] The combination of these characteristics makes OPVs ideally suited for targeting niche markets that are incompatible with brittle semiconductors, e.g., off-grid portable charging, electronics in apparel and smart labels, as well as building and car integrated photovoltaics for non-planar surfaces, 8, 9 while simultaneously enabling production scaleup through roll-to-roll device fabrication.
Despite the recognized potential for high-throughput manufacturing, basic science limitations that have been preventing this technology from market implementation need to be addressed. Particularly, a poor match of the absorption spectrum of the active blend materials with the solar spectrum limits the photon harvesting capabilities and, consequently, the photocurrent generation. Additionally, thermalization losses diminish possible voltage outputs. 10, 11 One promising approach for overcoming these limitations is the tandem concept: 12, 13 sub-cells of different band-gap donor materials are typically combined in series for better matching the absorption of the device to the solar spectrum, while reducing the thermalization losses of the high-energy photons. 14 The realization of hetero-tandem junction solar cells imposes several challenges from a material and device fabrication point of view. In addition to the requirement for complementary absorption of the absorber materials, the intermediate layer represents a critical link for achieving efficient optical and electrical coupling between the sub-cells, but also provides protection of the underlying layer against solvents from subsequently processed layers. 15 Furthermore, photocurrent matching between the sub-cells is required, which can be controlled through the thickness of the active layers of the sub-cells and supported via the interlayer, which can provide recombination sites for better charge balance. 16, 17 While current champion organic tandem solar cells have been reported to deliver 10.6% power conversion efficiency (PCE) for solution-processed 18 and 12% for vacuum processed (triple junction) devices (press release by Heliatek) 19 these results still lack demonstration of the potential for high photovoltaic performance combined with truly low-cost, high-volume processing using roll-to-roll compatible techniques. greatest challenge in implementing an efficient module derives mainly from the tradeoff between the quality and the size of the interconnection area (dead area, Figure 2a) . Although the dead area has no contribution to the photocurrent of the module, thus its size should be minimized, a sufficiently wide and defect-free P2 line is essential for ensuring low ohmic losses and, consequently, high module performance. 21 The geometric fill factor is the ratio between the active and the total area of the module and determines the module efficiency for a specific size.
Several groups have tackled the problems involved in demonstrating efficient OPV module fabrication while aiming for facile processablitiy using one and more-dimensional coating and/or printing technologies. For instance, ) modules produced an efficiency of 2.3% as the Ohmic losses were reduced. 25 The highest power conversion efficiency with this structure was 2.75% for a total active area of 35.5 cm 2 . 27 Based on this progress on module fabrication, multilayer tandem polymer solar modules were demonstrated using roll-to-roll processing methods. 30 31 32 The efficiency of these tandem modules was comparable to the efficiency of single junction modules (1.7% for 52.2 cm 2 ), indicating the need for further material and method optimization, but doubtlessly demonstrating the feasibility of roll-to-roll printing for largearea OPV tandem production.
The approach developed in our research group aims at demonstrating high efficiency and virtually loss free OPV solar modules, when compared to the individual solar cells, with high GFF. 20 The concept was recently introduced by Kubis et al. who presented laser patterned OPV single junction modules based on ITO -metal (silver) -ITO (IMI) electrodes. 33 Here the serial interconnection between individual cells is accomplished with ultrafast depth-resolved laser patterning. This procedure takes advantage of the high spatial resolution intrinsic to laser scribing (typically in the µm range 20 , as determined by the laser focal spot size of laser beam) as opposed to the limited, sub-mm resolution of most 1-D and 2-D coating techniques, where on site structuring of the OPV cells, e.g., through lateral displacement of the coating head, leads to rather low GFFs. 26 29 34 As a result, we demonstrated GFFs of over 90% for P3HT based modules on glass with over 3% PCE. For comparison, reported GFFs for modules realized via slot-die coating and screen printing are typically in the range of 70% or lower. 35, 36 It is worth emphasizing the high roll-to-roll compatibility of our laser approach due to high processing speeds (up to 4 m/s). 33 Note that other groups have previously demonstrated practical examples of ultra-fast laser processing in combination with transparent, flexible electrodes. 37 In this report, we expand our concept toward high efficiency solution-processed flexible organic tandem solar modules by adopting fully roll-to-roll compatible processing. 33 were purchased from Sigma-Aldrich and Materion, respectively.
Tandem device fabrication
All photovoltaic devices were fabricated by doctor blading under ambient conditions with an inverted structure as shown in Figure 1a . Pre-patterned (P1 line) IMI-based PET foils (area of 11×16 cm 2 ) were cleaned with isopropanol (IPA). After drying, the substrates were coated with a ≈30 nm thick ZnO layer and dried on a hot plate at 70 °C. A chlorobenzene based solution of OPV12:
[60]PCBM (1:2 wt%, 32mg/ml in total) was coated on top to form ~150 nm bottom active layer.
Subsequently, ~40 nm thick PEDOT HIL3.3 (1:5, diluted in IPA) and ~30 nm thick ZnO layer were bladed and dried at 70 °C for 5 min in air. We modified the ZnO layer by coating a ≈10 nm Ba(OH) 2 film on top (7 mg/ml in 2-methoxyethanol).
Afterwards, we coated an 80 nm thick layer of pDPP5T-2:
[70]PCBM (1:2 wt.% on top of the Ba(OH) 2 , dissolved in a mixed solvent of 90% chloroform and 10% dichlorobenzene at a total concentration of 24 mg/ml) as the top active layer. As a final step, a 10 nm MoOx layer and 100 nm Ag layer were evaporated to form the top electrode.
Tandem module fabrication
The laser patterning was done with a LS -7xxP laser patterning setup built by LS Laser Systems (München, Germany), consisting of the ultrafast laser femtoREGEN TM UC -1040 -8000 fs Yb SHG from High Q Laser (Rankweil, Austria) 39 
Characterization
The area of the OSCs investigated in this work was defined by the top electrode, which was thermally evaporated through a mask with an opening of 10.4 mm 2 . After the deposition of top electrode, PET-based tandem solar cells were divided into smaller pieces (area of 2.5×2.5 cm 2 ) to facilitate measurement. The J-V characteristics were measured using a source measurement unit from BoTest. Illumination was provided by a solar simulator (Oriel Sol 1A, from Newport) with AM1.5G spectrum at 100 mW/cm 2 . Bending tests were performed by bending the devices on a drum with a diameter of 28 mm.
Optical investigations of the thin films were carried out using an UV-VIS-NIR spectrometer (Lambda 950, from Perkin).
EQE measurements werw carried out using a QE-R system from Enlitech.
Results and discussion
A robust and efficient IMI coated PET foil (7.7 Ω/sq) with superior electrical and mechanical (less brittleness)
properties than ITO/PET substrates (in the order of 45 Ω/sq) was chosen as transparent bottom electrode for our tandem solar cells. 33 17 The complete architecture of our flexible tandem device is illustrated in Figure 1a . Briefly, a pre-patterned IMI based PET substrate was consecutively coated in air at temperatures lower than 70 °C. As the active layer of the bottom subcell, we used a medium band gap conjugated polymer OPV12 17 (obtained from Polyera) blended with the fullerene
[60]PCBM. The top sub-cell was based on a blend consisting of the low bandgap co-polymer diketopyrrolopyrrolequinquethiophene pDPP5T-2 15 (BASF, batch no.: GKS1-001) and [70]PCBM. Figure 1b shows the UV-Vis spectra of the semiconducting polymers. The optical band gaps for OPV12 and pDPP5T-2 are 1.76 and 1.41 eV respectively, obtained from absorption measurements (see Figure 1b) . 17 Figure 1c . The relatively high J sc in the tandem cells is attributed to the efficient current matching between the bottom and top sub cells, which is supported by the EQE spectra (Figure 1d) .
Next, we fabricated flexible tandem modules by interconnecting 3 single tandem solar cells in series. The interconnection procedure consists of laser ablation of the three patterning lines P1 -P3 (Figure 2a) . 44 Selective laser ablation of the patterning lines is possible through precise adjustment of the laser fluence and overlap. First, the P1 line is scribed into the bottom 90 nm thick IMI layer without damaging the PET substrate to electrically isolate the three cells. Then, after depositing the active, intermediate and buffer layers the P2 interconnection line is patterned into the structure.
Achieving a clean P2 line represents the key challenge of the laser patterning procedure for our tandem OPV modules. In this step, up to six organic and inorganic layers need to be ablated by the laser, without destroying or reducing the functionality of the bottom electrode and without creating substantial amounts of protrusion around the patterning line (see Figure S3 ).
Finally, after thermal evaporation, the silver electrode was laser structured, without negatively affecting the subjacent layers, to form the P3 line and conclude the electrical interconnection of the tandem cells. The architecture of the whole module is schematically depicted in Figure 2a .
The dead area of the cell, which directly affects the GFF, is intrinsically related to the resolution of the patterning.
We optimized the lateral width of the laser-ablation line P2, so that efficient interconnection between the rather thick tandem cells was possible while minimizing the dead area of the module. This requires a z-axis resolution in the nanometer regime
and an x-y resolution in the micrometer scale. Both can be accomplished with ultrafast laser patterning, as proven by SEM ( Figure S3, S4) , optical imaging (Figure 2b) as well as J-V characterization (Figure 3a) .
The IMI foil was pre-patterned to accommodate nine substrates ( Figure S1 ). Each substrate contained two reference single tandem cells and four tandem modules for best possible direct comparison. Figure 2b) shows a photograph of one of the substrates and optical microscope images capturing the P1 -P3 lines. The GFF was derived by calculating the ratio of the photoactive area and the total area (sum of the active and dead areas) (see Figure S2) , neglecting possible bus bar losses. The J-V performance of a representative reference tandem cell and the corresponding tandem modules are shown in Figure 3a . Additionally, Table 1 summarizes the mean and best photovoltaic parameters.
In order to relate possible device losses in the module to the limitations given by the laser patterning processing, we varied the width of the P2 line (Figure 2b) . We fabricated tandem modules with a narrow P2 line of ≈25 µm (Device B) and with a wide P2 line of ≈325 µm (Device C, see Table 1 ). In both cases, the P2 line is fully functional and the devices exhibit similarly high interconnection quality, as documented by the J-V performance (Figure 3a) . As a result, we were able to fabricate tandem modules with a champion efficiency of 5.70% (Device B). Device B with the narrower P2 line performed slightly better due to the smaller dead area, demonstrating the benefit of a laser controlled patterning approach. Remarkably, the loss in PCE was below 7% compared to the reference tandem cell (Device A) and is mainly determined by losses in J sc .
The highest J sc value (2.25 mA/cm²) is ≈11% lower than the value corresponding to 1/3 of the reference cell, which represents the maximum limit for an in series connected module. Furthermore, V oc values for the tandem module in the order of 3.90 V represent small voltage losses in the range of 3% compared with the combined total voltage given by three reference tandem cells. Moreover, encouraging FFs of 65% and 64% were observed in the case of device B and C, respectively. The increase in FF when compared to the reference tandem cell can be most likely attributed to smaller sub-area partitioning in the case of the modules. We highlight that by reducing the width of the P2 line from 325 µm to 25 µm in Device B the GFF of the module was significantly increased from 80% to 94% without affecting the interconnection quality, resulting in improved short-circuit current (2.25 mA/cm²).
From the dark J-V characteristic (inset of Figure 3a) , we extracted the series resistance (R s ) and shunt resistance (R sh ) of our devices ( Table 1) . Comparison of the 3-cell modules with the single tandem devices reveals that the average R s value for each sub-cell is almost the same as the R s value of the reference device. This indicates that the interconnections generated by laser-patterning do not lead to additional ohmic losses. In addition, the laser patterning does not deteriorate the shunt resistance of the modules compared to the reference tandem device.
Previously, Kubis et al. demonstrated P2 lines in the range of 25 µm for OPV single cell modules. 33 In a module the tandem configuration in series typically generates more voltage and less current, therefore the requirements on the current capacity of the P2 line are in part alleviated. However, precise control over the patterning of a multi-stack device is decisive for a successful integration of laser scribing into up-scaling technologies such as roll-to-roll coating.
Although flexible OPV single cells on IMI substrates have been demonstrated before, 33 the increased thickness of the tandem structure imposes additional strain on the devices. Tandem modules are particularly susceptible to device failure under mechanical stress, which can lead, amongst others, to delamination of the interconnection lines/areas and the recombination layer. Therefore, bending tests of flexible tandem modules are of outmost significance. Figure 3b depicts the normalized change in photovoltaic performance throughout 5000 bending cycles (drum radius 28 mm) for our tandem modules. Interestingly, we observed high mechanical resilience with a loss in PCE in the order of 2-7% that can be mainly attributed to losses in Voc and Jsc. This suggests that the main cause is likely to be related to damage imposed on the chargeselecting and/or collecting layers and interfaces.
Conclusion
In summary, we demonstrate that high efficiency and reliable organic tandem modules can be processed on flexible substrates using a fs-laser as a means for separating and interconnecting the cells. The laser features high speed and high precision patterning in lateral and in z-directions. As a result, tandem modules with geometric fill factors beyond 90% and high-quality electrical interconnects are feasible, leading to minor photovoltaic losses compared to the non-patterned tandem 
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Flexible organic tandem solar modules with high geometric fill factors were constructed by utilizing a fully roll-to-roll compatible processing.
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